The Port Harcourt Enugu expressway is part of a national road grid that links parts of southern and northern Nigeria. The severe pavement failure between Umuahia and Okigwe section of the expressway covering a distance of about 30 km was investigated by geotechnical and mineralogical assessment of disturbed and undisturbed samples of the underlying soils. Also vertical electrical sounding was performed at the failed sections. Results indicate that the section is underlain by shales of the Imo Formation, and soils are composed of 27% and 74% sand and fines respectively. The Atterberg limit values are moderate to high, with liquid limit in the range of 49-54%, plasticity index 11.1-24.4% and linear shrinkage 17.86-23.57% respectively. Abrasion test results of 0.58 to 16% indicate shales of low durability. The 24 hour free swell tests results range from 33-70% implying soils of moderate to high hydro-affinity and volume change. These data corroborate the X-ray diffraction analyses results which show montmorillonite and kaolinite as the main clay minerals present in the soils. Undrained cohesion range from 9 to 54 kPa and frictional angle from 13° to 29°. High settlement amounts and field observation of intense failure correlated well with the engineering properties and the clay minerals. The soils indicate mainly MI-MH and A-7-5 soils on the USC and AASHTO classification system respectively, implying poor quality soils as subgrade materials. The engineering properties may be modified and upgraded by stabilisation. Result of the study will be useful in remedial works on the failed sections of the road and future pavement design in areas underlain by the shales.
Introduction


The Port Harcourt-Enugu highway which is a segment of a major national road network that links the Niger Delta petroleum rich parts of southern Nigeria with northern Nigeria, is a flexible pavement built over terrains underlain by sedimentary to pyroclastic rocks deposited during the Cretaceous to Tertiary periods. Flexible pavements are constructed of several layers of natural granular material covered with one or more waterproof bituminous surface layers. Many sections of the road are underlain by argillaceous rocks. The segment between Umuahia and Okigwe, corresponds to the road alignment with the most pervasive and recurrent pavement failure Corresponding author: Akaha Celestine Tse, Ph.D., research fields: engineering geology and environmental geology.
( Fig. 1) . Despite repeated remedial rehabilitation strategies including removal and resurfacing of the failed sections, pavement distress occurs soon afterwards. Geologically, this segment is underlain by the Imo Formation which consists of thick fine textured, dark grey to bluish grey clayey shale, with occasional admixture of clay ironstone and thick sandstone beds [1] . A review of the factors influencing the performance of a pavement has been described by Ref. [2] including the different types of road failure ranging from cracks, pot-hole to road-cut leading to differential heave. Shales possess variable engineering problems which cause damage to civil structure founded on them such as heave on pavements, cracks on buildings, settlement and shear failure, thus reducing the lifespan of the structures. Thus they are usually unsuitable as construction material in foundations, buildings, highways, water retaining structures, dams etc. [3] due to clay mineral composition, physical properties such as particle size distribution, non-clay mineral composition, organic matter content and geologic history [4] . For example, the heterogeneity of the subgrade materials [5, 6] , and presence of expansive clays have impaired civil infrastructure such as transportation networks [7] , residential, industrial and commercial facilities and water supply and sewage collection systems [8] [9] [10] [11] . The unsatisfactory behaviour of shales as construction materials has been locally studied in the Lower Benue Trough [12] [13] [14] [15] [16] [17] [18] . Generally, these studies conclude that in south eastern Nigeria, Tertiary Shales in the Lower Benue Trough exhibit varying degrees of poor engineering performance as subgrade materials on account of their geological and engineering properties. Sometimes highways are built with inadequate geotechnical studies of neither the soils along the alignments nor the borrow pits which provide the construction materials resulting in subgrade and subbase materials which fall short of engineering specifications. The presence of clay minerals derived from underlying shales is a major contributory factor to the behaviour and performance of roads built over shale subgrades. This is similar to the swelling behaviour of expansive shales from the middle region of Saudi Arabia which causes severe and widespread damage in residential buildings, sidewalks and pavements due to the development of heave and swelling pressure in the expansive shales [19] . Also in south-western Nigeria underlain by basement rocks, pavement distress due to poor subgrade performance in addition to poor engineering construction has been reported [20] [21] [22] [23] . This work is an attempt to determine critical factors in the pavement performance by correlating the mineralogical and the geotechnical index properties of soils developed over the underlying Imo Shale between Umuahia and Okigwe to the pervasive road failure in the section. The study area is located along Umuahia-Okigwe road between longitude 7°08′ E and 7°30′ E latitude 5°35′ N and 5°49′ N within which the Imo Shale outcrops (Fig. 2) . A more recent publication on the geology of the area by Ref. [24] indicates that geologically, the Imo shale is an outcropping unit of the subsurface Paleocene Akata Formation of the Tertiary Niger Delta in the southern fringes of the Cretaceous Anambra Basin. It is essentially a mudrock unit consisting of fine textured, dark grey to bluish grey shale with occasional admixture of clay, ironstone and thin sandstone bands and limestone intercalations [25] .
Materials and Methods
Both disturbed and undisturbed soil samples from freshly exposed surfaces of the subgrade material close to the failed sections of the road were collected from ten localities underlain by the candidate rocks as shown in Table 1 and Fig. 2 . Soil classification tests were carried out on air dried samples that passed sieve diameter 0.425 mm. The laboratory tests and testing protocols are summarised in Table 2 following the procedures in Refs. [26, 27] .
Organic content of the soil was determined by the ignition method whereby a known weight of the soil was heated to temperature as high as 700-800 ℃ in a furnace. The loss of soil due to the heating at high temperature was determined and reported as the organic matter content to the nearest 0.1% based on the total oven dried weight of the soil. The slake durability test was performed as described in Ref. [27] to determine quantitatively the durability in terms of the SDI (Slake Durability Index). Oven-dried samples of rock were placed in a wire mesh drum partially immersed in water and the drum rotated at 20 r.p.m. for approximately 10 mins over two cycles. The slake durability index was afterwards determined as the percentage by dry mass retained of a collection of shale pieces on a 2 mm mesh sieve. For the quick undrained unconsolidated triaxial test, the stress path method as describe by Ref. [28] which gives a continuous VES points were occupied. Field curves were generated by plotting the apparent resistivity values against the electrode spacing (AB/2). The curves were interpreted using the partial curve matching technique.
The manually derived geoelectric parameters were further refined using a forward modeling software, RESIST version 1.0 and the VES data were interpreted based on the approach of Ref. [29] .
Results and Discussion
Index Properties
Results of the various tests are summarised in Table  3 . Particle size analysis of the samples gave average values of sand and fines (silt and clay) content as 26.5% and 74.3% respectively. Typical size distribution curves are represented in Fig. 3 . The high fines content suggests a high water retention capability. The natural moisture content ranges from 29.76-46.75% with an average of 36.45%. These values are higher than the average range (5-15%) specified by Ref. [30] for engineering specification.
The moisture content indicates a high water adsorption capability of the shale material. It is used as an indicator for the shear strength of soils, as increase in the moisture content results in a decrease in the shear strength of the material. Natural moisture content also influences the shrink-swell potential of soils [31] and also clay bulk density and consistency [32] . With an average bulk density of 18.72 kN/m 3 , the shale may be classified as dense. The organic matter content ranges from 3.5-6.5% with an average of 4.7%. The amount of soil organic matter significantly affects index, physico-chemical and engineering properties of soils, including compressibility and strength. Generally, organic matter in soils increases soil compressibility and reduces strength. The liquid limit range from 40.4-64.8% with an average of 52.76% while the plasticity index range from 11.1-24.4% with an average of 18.74%.
When the textural characteristics and consistency results were evaluated, the soil samples classified as organic clay of intermediate to high plasticity, MI-MH (Fig. 4) according to the Unified Soil Classification scheme, and as A-7-5 soils using the AASHO classification system, all implying that they are of poor quality as subgrade materials in pavement construction. This classification also is in agreement with Refs. [33, 34] soil expansivity classification system. All the samples have a group index of more than 20 which reinforces the poor subgrade quality rating of the soil. The index properties of these highly organic silt and clayey soils exceed the general specification [35] for roads and bridges which states that liquid limit and plasticity index should not exceed 50 and 30% respectively, and particle size passing sieve number 200 (0.074 mm) should not be greater than 35%. The linear shrinkage ranges from 17.86-23.57% with an average of 20.47% which is rated as non-critical to marginal. With a free swell index range from 33.33 to 70% and an average value of 51.80%, the shale material is considered to have moderate to high swelling potential at Nunya, Ezinachi I, Umuna I and very high swelling potential in the rest of the study locations. This portends damage to engineering structures founded in the soils due to potential large volume changes in wet and dry conditions.
The slake durability index of the shales range from 0.58 to 16.20% (Table 4 ). This falls within the range of 10-20% for shales which should be treated like soil after excavation in contrast to shale rating with SDI range of 70-80% which indicate that shales should be treated as rock.
Slake durability is often used to differentiate between durable and non-durable rocks. The shales in this study disaggregated in water which is an indication of weathered and relatively weak soils, thus they are not suitable for use in pavement constructions. Poor subgrade materials are characterised by low stiffness and resistance to deformation which results in pavement failure due to inability to support a high amount of loading [36] .
Shear Strength and Settlement Characteristics
The shear resistance parameters (Table 5) were obtained from the undrained unconsolidated triaxial test using the stress path plot (Fig. 5) . The undrained cohesion ranges from 9 to 54 kPa and frictional angles from 13 to 29°. These values are relatively low and correlate well with the durability index test results. The low strength will cause pavement failure under sustained axial loading. Generally, the permeability values of the order of 10 (Fig. 6) give an indication of the large volume changes that are associated with the soils with settlement as high as 138 mm.
Mineralogical Characteristics
The X-ray diffractograms of the whole rock samples (Fig. 7) show that the main clay minerals present are montmorrilonite and kaolinite ( Table 7) . Sections of the road along Nkpa and Ohuhu which contain relatively more montmorillonite in the soil structure exhibit the most severe form of pavement failure. This is expected because montmorillonite is an active clay mineral with high hydroaffinity which causes cyclic soil swelling and shrinking resulting in pavement distress and damages. The high clay mineral content correlates well with the high values of liquid limit, plasticity index and high natural moisture content. Sections of the road at Nunya, Ezinachi and Umuna where the soils contain mainly kaolinite as the clay mineral experience less severe pavement failure since kaolinite is a relative more stable clay mineral than montmorillonite in terms of differential volume changes. 
Geoelectric Characteristics
The AK curve type identified within the study area is the predominant curve type (Fig. 5) . Five geological subsurface layers comprising mainly sand and clay were delineated. The top soil is composed of sandy clay or clayey sand or laterite with resistivity values of 62 to 130 Ωm. It has a thickness of about 1.45 to 1.99 metres. The second layer is a clay with resistivity values that vary between 418 Ωm and thickness of between 2.86 to 3.43 metres. These low resistivity values are typical of expansive clay which is thought to be a major contributor to the instability of the road. The electrical resistivity characteristics corroborate the poor geotechnical properties of the soils obtained in this study, and are in agreement with the results of [15] which underscore the unsuitability of the soils to transmit axial loads for long periods without failure. In addition, the lack of drainage results in collection of water from run-off on the shoulders of road which also promotes failure by lowering the soil strength. The 3rd, 4th and 5th layers are composed of sand up to 80 metres deep. The high resistivity of the 3rd layer (644 to 11,720 Ωm) suggests saturated sand. for stabilization with lime. Lime has been found most effective in improving workability and reducing swelling potential with highly plastic clay soils containing montmorillonite, illite, and kaolinite. Generally therefore, the weak shales underlying the road alignment in this study may be modified by stabilization with cement or lime to obtain desirable strength for engineering applications.
Conclusion
The aim of this work was to determine the mineralogical and geotechnical index properties of soils developed over the Imo Shale underlying the highway between Umuahia and Okigwe and relate the properties to the pervasive pavement failure in the section. Data from this study suggest that the geotechnical properties and the mineralogical composition of the shale are major factors responsible for road failure in the area. The index properties of these organic silty and clayey soils exceed the general specification for roads and bridges in Nigeria. However, stabilisation using cement or lime will improve the strength. Results of this study will be useful in remedial works on the rehabilitation of the failed sections of the road and may guide future pavement design in other areas underlain by the shale.
